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Since the introduction of highly active antiretroviral
therapy (HAART) in the 1990s, liver disease is emerging
as a major cause of morbidity and mortality among HIV-
infected patients. This is attributed to a variety of factors,
including HAART hepatotoxicity, coinfection with
hepatitis B and C virus (HBV and HCV, respectively),
and alcohol abuse. Several studies have examined the
effects of HAART and HCV/HBYV coinfection on liver
toxicity. However, the impact of alcohol consumption as a
cofactor for hepatotoxicity in HIV patients is only
beginning to be understood. Similar to the general
population, alcohol use is common in the HIV population
but is often overlooked by health care providers.
Approximately 25 percent of recently diagnosed HIV
patients are alcohol dependent; moreover, alcohol
dependence has been associated with HIV treatment
Jailure. Alcohol/HAART interactions appear crucial for
the development of liver disease in HIV patients. Recent
research has shown that alcohol abuse is associated with
severe hepatotoxicity in patients on HAART. Importantly,
alcoholic- and HAART induced liver disease share many
potential mechanisms of injury, including altered
metabolism of certain signaling molecules (i.e., cytokines)
and dysfunction of some cell components (i.e., proteasomes
and mitochondria). KEy WORDS: Alcohol consumption; alcohol
abuse; alcohol dependence; human immunodeficiency virus;
highly active antiretroviral therapy; liver disease; hepatitis B;
hepatitis C; hepatoxicity

people who are infected with human immunodeficiency

virus (HIV) live longer and are less likely to die of acquired
immundeficiency syndrome (AIDS)-defining illnesses.! (For
a brief description of HAART, see the textbox.) At the same
time, however, liver disease is emerging as a major cause of
morbidity among HIV-infected people (Weber et al. 2006)
and is now a leading cause of death in these patients. For
example, among people concurrently infected with HIV and
hepatitis C virus (HCV), cirrhosis was the underlying cause
of death in nearly 50 percent of the patients (Bica et al. 2001).
In a more general HIV population, liver disease was the second
most common non-HIV—related cause of death, trailing
only cancer (Novoa et al. 2008).

In the era of highly active antiretroviral therapy (HAART),

! For a definition of this and other technical terms used in this arficle, see the glossary, pp. 288-291.

The increasing problem of liver disease in the HIV pop-
ulation can be attributed to a variety of factors, including
coinfection with HCV or hepatitis B virus (HBV), alcohol
abuse, and toxic effects of the HAART medications on the
liver (i.e., HAART hepatotoxicity). For example, depending
on the specific combination of medications used, up to
30 percent of patients experience severe hepatotoxicity
after initiation of their HAART treatment, as indicated
by at least a fivefold elevation of liver enzyme levels in
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the blood? (Sulkowski et al. 2000). This HAART-related
hepatotoxicity can lead to adverse patient outcomes by
causing fulminant hepatic failure. More commonly, howev-
er, the patients will progress from HIV infection to AIDS
because they discontinue their HAART treatment to pre-
vent further liver damage. This problem appears to be
worsening because in a review of records of deceased HIV
patients, the proportion of patients who discontinued
HAART because of hepatotoxicity increased from 6 percent
in 1996 to 31.8 percent in 1998-1999 (Nufez 2006).

The Centers for Disease Control and Prevention (2008)
estimated that at the end of 2006 approximately 1,106,400
HIV-infected adults and adolescents were living in the
United States. This represents an increase of approximately
112,000 people (or 11 percent) from 2003. Similar to the
population at large, alcohol use is common in the HIV-
infected population. It has been estimated that approxi-
mately 25 percent of recently diagnosed HIV patients also
were alcohol dependent; moreover, concurrent alcohol
dependence has been associated with failure to respond
to HAART (Miguez et al. 2003). Although alcohol con-
sumption is known to contribute to liver damage, the
impact of varying levels of alcohol consumption in people
with HIV is only beginning to be defined. Alcohol-HAART
interactions are emerging as a critical factor in this patient
group because recent research has shown that alcohol
abuse is associated with severe hepatotoxicity in patients
on HAART (Nuifiez 20006). Importantly, alcoholic liver
disease (ALD) and HAART-induced liver injury share
many potential mechanisms of injury.

This article explores the interactions of HIV infection,
HAART, and alcohol abuse in the development of liver
disease in HIV-infected patients, both with and without
coinfection with hepatitis viruses. It also describes some
of the potential mechanisms through which alcohol abuse
and HAART may cause liver damage.

INTERACTION OF HIV, HCV/HBY,
AND ALCOHOL

A substantial portion of HIV-infected people also suffer
from hepatitis caused by viral infection, primarily HCV,
owing to similar modes of transmission. The prevalence

of HCV coinfection varies depending on the route of HIV
transmission, reaching 85 to 90 percent in people infected
through intravenous drug abuse. HIV and HBV coinfection
also has been reported, although it is less prevalent then
HIV/HCV coinfection (10 to 15 percent). Considerable
evidence suggests that people with HIV and HCV coinfection
have poorer outcomes than patients with either infection
alone (Di Martino et al. 2001; Prakash et al. 2002; Thomas

2 Liver disease typically is diagnosed by the presence of certain liver enzymes in the blood. These

enzymes normally reside in the liver but can “spill” into the blood stream when the liver is injured,
resulting in measurably elevated blood levels of these enzymes. Liver enzymes commonly used fo
detect liver disease include aspartate aminotransferase (AST), alanine aminotransferase (ALT), and
-glufamyliranspeptidase (GGT).

et al. 2000). A recent study also observed that the levels of
HIV in the blood (i.e., HIV viremia) were associated with
the rate of fibrosis progression in HIV/HCV-coinfected
patients. Furthermore, suppression of HIV levels slowed
fibrosis progression (Brau et al. 2000). Interestingly, another
study of HIV/HBV-coinfected patients suggested an
increased incidence of liver-related disease but no poorer HIV
outcomes (Konopnicki et al. 2005).

HIGHLY ACTIVE ANTIRETROVIRAL THERAPY

Treatment of HIV infection and AIDS is complicated by
the fact that the virus can rapidly adapt to the presence of
antiretroviral drugs, resulting in resistance to those drugs.
To prevent or delay resistance development, clinicians
therefore are using a regimen consisting of a combination
of several types of antiretroviral drugs that target different
stages in the lifecycle of the virus. Such regimens are
called highly active antiretroviral therapy (HAART).
Drug types that are most commonly used in these combi-
nation regimens include the following:

* Nucleoside/nudleotide reverse transcriptase inhibitors
(NRTTs), which inhibit the formation of viral DNA
by incorporating into the newly formed DNA
molecules, thereby preventing further elongation of
those molecules;

* Nonnucleoside reverse transcriptase inhibitors
(NNRTTs), which bind to the enzyme that synthesizes
the viral DNA (i.e., reverse transcriptase) and interfere
with its activity; and

* Protease inhibitors (PIs), which distupt the assembly
of new virus particles by preventing the activity of an
enzyme (ie., protease) necessary for generating the
necessary proteins from precursor molecules.

However, additional types of drugs have been devel-
oped or are under investigation to extend the treat-
ment options available to HIV-infected patients.

Most HAART regimens consist of at least three drugs
from at least two different drug classes (e.g., two NRTIs
and one NNRTT or two NRTTs and one PI). Although
HAART offers effective treatment for extended periods of
time for many patients, these regimens have some serious
disadvantages. First, they can be complicated and patients
often have to remember to take different pills at specific
times throughout the day. Not strictly adhering to the
dosing schedule increases the likelihood that the virus can
become drug resistant and the infection progresses. In
addition, the different agents can cause serious side effects,
such as hepatotoxicity, particularly when taken in com-
bination. Nevertheless, HAART, to date, is the most
effective treatment available to patients with HIV infec-
tion or AIDS.
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HIV patients with concurrent HCV-related hepatitis
likely are uniquely susceptible to alcohol’s harmful effects
on the liver. Rosenthal and colleagues (2009) recently
evaluated the proportion of deaths caused by end-stage
liver disease (ESLD) among HIV-positive adults in France
between 1995 and 2005. The investigators found that
in 2005, 17 percent of deaths in HIV-infected patients
were related to ESLD; of these, about three-quarters of
the patients had chronic HCV coinfection. Furthermore,
heavy alcohol consumption was observed in 48 percent
of the patients who died from ESLD, including four
deaths attributed solely to alcohol consumption in the
absence of hepatitis virus coinfection.

In patients with HCV infection alone, alcohol con-
sumption is associated with liver disease progression
(Bhattacharya et al. 2003; Thomas et al. 2000). In contrast,
little is known about the effects of alcohol consumption
on liver disease progression in patients with HIV/HCV
coinfection. One study (Bini et al. 2007) analyzed the
prevalence and impact of alcohol use on liver disease
progression and eligibility for HCV treatment® in
HIV/HCV-coinfected patients. The study determined
that alcohol use is common among coinfected patients
and is associated with advanced liver disease and a lower
likelihood of being an HCV treatment candidate. Importantly,
the authors also noted that alcohol use among patients
with HIV is not only associated with decreased adherence
to their antiretroviral therapy (ART) regimen and reduced
HIV suppression, but it also increased the risk of ART-
induced hepatotoxicity and high-risk sexual behavior. The
investigators concluded that HIV/HCV-coinfected patients
should receive counseling about the hazards of ongoing
alcohol consumption.

AvrcoHoL, HIV INFECTION, AND LIVER DISEASE

Studies evaluating the effects of alcohol consumption on

the progression of liver disease in people infected with HIV
(but not HCV) in the era of HAART are limited. Two
recent observational studies (Chaudhry et al. 2009; Lim et
al. 2008) evaluating large cohorts of HIV-infected people
concluded that in this population, alcohol consumption is
significantly associated with the development of liver disease.
Lim and colleagues (2008) conducted a long-term (i.e., lon-
gitudinal) analysis of alcohol consumption levels and their
relation to liver disease in a large cohort of HIV-positive and
HIV-negative U.S. veterans as part of the Veterans Aging
Cohort Study (VACS). The researchers collected detailed
baseline information as well as longitudinal data on HIV,
HBYV, and HCV status; HAART use; and alcohol consump-
tion. Alcohol use was classified as nonhazardous, hazardous,
and binge drinking according to National Institute on
Alcohol Abuse and Alcoholism (NIAAA) criteria.* Liver
injury was assessed on the basis of inflammatory and fibrosis
markers. The analysis detected a trend toward increased liver
injury among people who engaged in hazardous or binge

drinking; however, a statistically significant increase in
advanced fibrosis or cirrhosis was seen only among people
with an International Classification of Diseases (ICD)-9
diagnosis of alcohol abuse and dependence. Notably, after
controlling for HIV and HCV status, alcohol use was the
strongest predictor of advanced fibrosis or cirrhosis. Thus,
the researchers concluded that alcohol abuse and dependence
are common among people with advanced fibrosis/cirrhosis.
Moreover, alcohol abuse and dependence significantly increase
the risk of advanced fibrosis/cirrhosis in people with only
HIV infection as well as those with HIV/HCV coinfection.

In the other study, Chaudhry and colleagues (2009)
conducted a cross-sectional analysis of data from an
observational clinical cohort of HIV-infected people and
evaluated the impact of alcohol consumption on liver
fibrosis in HIV-infected patients with or without HCV
coinfection. Alcohol consumption was categorized according
to NIAAA guidelines, and liver function was classified
using a measure called the aspartate aminotransferase
(AST)-to-platelet ratio index (APRI). Significant liver
disease was defined as an APRI greater than 1.5. The
study demonstrated that hazardous drinking is a signifi-
cant, independent, and modifiable risk factor for liver
fibrosis, particularly among patients infected only with
HIV. However, it should be noted that the APRI has
been rigorously tested only in relation to HCV-induced
liver fibrosis, and its utility as a marker in non-HCV
fibrosis has not been established.

Another clinically noteworthy aspect that emerged from
this study is that although alcohol abuse is prevalent, it is
not adequately assessed by health care givers, particularly
in patients infected only with HIV. This finding is highly
relevant because effective behavioral and pharmacologic
interventions for alcohol dependence are available (Anton
et al. 2006). Furthermore, brief interventions in health
care settings can help decrease alcohol consumption even
in patients not explicitly seeking treatment for alcoholism
(Moyer et al. 2002).

POTENTIAL MECHANISMS CONTRIBUTING
TO ALCOHOL- AND HIV/HA ART-MEDIATED
HEPATOTOXICITY

Although it is widely recognized by the medical community,
there has been little study done on hepatotoxicity caused by
medications used in HAART; and the underlying mechanisms

3 Standard freatment for HOV hepatitis is a combination of inferferon-c. (a protein with antiviral activity
that also is naturally produced by the body) and the anfiviral agent ribavirin. Heavy alcohol use and
advanced HIV disease are among the confraindications for this treatment approach.

4 NIAAA defines binge drinking as consuming enough alcohol fo result in a blood alcohol confent
(BAC) of .08, which, for most adults, would be five drinks for men or four for women over a 2-hour
period. Hazardous drinking implies that the person is drinking over the recommended limits and is
therefore vulnerable fo illness, injury, or social/legal problems. These recommended consumption
limifs are 2 standard drinks per drinking occasion or 14 standard drinks per week for men, and 1
standard drink per drinking occasion or 7 drinks per week for women and people age 65 and over.
A standard drink is defined as 12 grams of pure alcohol, the amount contained in approximately 12
oz of beer, 5 0z of wine, or 1.5 oz of distilled spirits.
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remain obscure. In most cases, hepatotoxicity induced by
these agents has been identified on the basis of elevated blood
levels of certain liver enzymes (i.e., AST, alanine aminotransferase
[ALT], and -glutamyltranspeptidase [GGT]) in association
with increased lactate levels.” In more severe cases, the dam-
age to the liver can result in liver failure, which in turn can
lead to discontinuation of HAART (Ntfez 2006). However,
more in-depth study of HAART-induced hepatotoxicity is
complicated by the diverse chemical nature of the drugs;
moreover, the drugs may have different effects depending on
whether they are used alone or in combination.
Alcohol/HAART interactions are emerging as critically
important factors influencing liver function. For example,
in alcohol-abusing patients with compromised liver func-
tion, appropriate dosing of HAART medications becomes
difficult because the liver also metabolizes some of these
medications. Accordingly, liver dysfunction may lead to
harmful accumulation of some HIV drugs if doses are not
adjusted properly. Although there is a paucity of drug
interaction studies evaluating the effect of alcohol abuse
on HAART, a few studies have documented an increased
risk of HAART-induced hepatotoxicity in alcohol-abusing
patients, particularly those with HCV coinfection (Pol et
al. 1998; Wit et al. 2002). Other studies have demonstrated
that alcohol and HAART share several potential mecha-
nisms through which they can induce liver injury. These
include dysregulation of signaling molecules called cytokines,
as well as dysfunction of small cell components (i.e.,
organelles) called proteasomes and mitochondria. Through
these and other mechanisms, alcohol and antiretroviral
medications affect the liver in an overlapping fashion to
produce hepatotoxicity. The following sections review the
mechanisms that separately have been identified for alcohol-
and HAART-mediated hepatotoxicity. Understanding the
mechanisms through which alcohol and HAART act is
crucial because their combined effects on the liver can
either additively or synergistically exacerbate hepatotoxicity.

Alcohol, HIVVIHAART, and Dysregulated Cytokine
Metabolism

Alcohol and Dysregulated Proinflammatory Cytokine
Metabolism. Cytokines are small signaling molecules released
by certain immune cells that act on nearby cells, thereby
influencing the function of those cells (e.g., inducing inflam-
mation reactions). One important inflammation-inducing
(i.e., proinflammatory) cytokine is called tumor necrosis
factor-o. (TNF-q); its main role is to regulate the actions of
various immune cells, thereby contributing to such processes
as inflammation and cell suicide (i.e., apoptosis). Because

of its effects, the production of TNF-a normally is tightly
regulated in the body and induced only in response to certain
stimuli. The overwhelming majority of TNF-a found circu-
lating throughout the body is produced by a type of
immune cell called a monocyte that circulates in the blood.
More than two decades ago, researchers described dysregula-
tion of TNF-a production in patients with ALD (McClain

and Cohen 1989). The researchers observed that in patients
with alcoholic hepatitis, monocytes circulating in the blood
(which can serve as surrogate markers for the type of mono-
cytes known as Kupffer cells that reside in the liver) sponta-
neously produced TNF-a and generated significantly more
TNEF-a in response to a chemical stimulus. Other studies
(Khoruts et al. 1991; McClain et al. 2004) also reported
increased concentrations of TNF-a in the blood of ALD
patients; moreover, TNF-a levels correlated with disease
severity and mortality. The potential mechanisms through
which alcohol may enhance TNF-a production and hepato-
toxicity have been studied extensively (for reviews, see McClain
et al. 2004; Nagata et al. 2007). These analyses have provided
clear evidence that TNF-a. production is increased by chronic
alcohol use and plays an etiologic role in the development/
progression of experimental ALD, as well as many other toxin-
induced liver injuries (Nagaki et al. 2008; Nagata et al. 2007).

HIVIHAART and Dysregulated Proinflammatory
Cytokine Metabolism. Production and/or activity of several
different cytokines are dysregulated in people with HIV
infection or AIDS. Particularly, proinflammatory cytokines
like TNF-a, interleukin (IL)-1 and IL-6, as well as anti-
inflammatory cytokine IL-10 play major roles in HIV
pathogenesis (Fauci 1996; Poli 1999). The type and levels
of cytokines produced help determine how effectively the
individual’s immune system can defend the body against the
virus and how fast and how much the virus can multdiply
(i.e., replicate), as well as directly impact the course of the
HIV disease (Fauci 1996; Poli 1999).

Among the proinflammatory cytokines elicited by HIV,
TNF-o has assumed a prominent role in our understand-
ing of host—virus interactions (Odeh 1990; Rizzardi et al.
1996). Besides impacting HIV viral replication, TNF-a
plays a major role in the development of other important
clinical manifestations of HIV infection and/or AIDS,
including wasting, (i.e., cachexia), anemia, and protein
and lipid wasting and is closely correlated with the severity
of the disease (Odeh 1990). Although the role of TNF-a
and other cytokines in certain metabolic effects of HIV
has been investigated and documented, the possible con-
tribution of TNF-a to HAART hepatotoxicity has

received little investigative attention.

Alcohol, HIVIHAART, and Proteasome Dysfunction

In all organisms, proteins that are defective or no longer
needed are removed from the cell. To a large extent, this
removal occurs at small organelles found in the cell called
proteasomes; another pathway involves cell structures called
lysosomes. In the proteasomes, specific enzymes (i.e., pro-
teases) mediate a chemical process known as proteolysis.
The proteins that are to be eliminated at the proteasome are

5 Lactate, or lactic acid, is a byproduct of sugar metabolism and energy production in the body. The
lactate then normally is broken down by the liver to prevent its accumulation in the blood. In patients
with liver dysfunction, lactate levels in the blood increase because it is not broken down properly.
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marked for destruction by the addition of a small molecule
called ubiquitin to differentiate them from proteins that still
are needed and must not be degraded. Both excessive alcohol
use and HAART can affect proteasome function.

Alcohol and Proteasome Dysfunction. The ubiquitin—
proteasome pathway likely plays an etiologic role in the
development of several forms of toxin-induced liver injury,
especially ALD (Bousquet-Dubouch et al. 2009; Donohue
2002; French et al. 2001). Early clinical studies already
noted that chronic alcohol consumption caused enlargement
of the liver (i.e., hepatomegaly), in part as a result of protein
accumulation in the liver (Baraona et al. 1977), suggesting
that alcohol could affect protein breakdown. Subsequently,
animal studies demonstrated that chronic alcohol feeding
results in a significant decrease in the proteolytic activity of
the proteasome, which can lead to abnormal protein accu-
mulation (Fataccioli et al. 1999). Alcohol consumption also
alters blood levels of ubiquitin in patients with alcoholic
cirrhosis, suggesting damaged proteasome function (Takagi
etal. 1999). Finally, liver cells (i.e., hepatocytes) from
alcoholics contain large amounts of ubiquitin in the form
of cellular inclusions, which accumulate because they are not
efficiently degraded by the ubiquitin—proteasome pathway;
these so-called Mallory bodies probably play a causal role in
ALD (French et al. 2001; Osna et al. 2007). Although inhi-
bition of cellular proteasome function now is a consistent
finding in models of chronic alcohol exposure and ALD,
the exact mechanisms of how proteasome dysfunction may
induce hepatotoxicity and interact with other hepatotoxins
is not well defined. Some studies (Joshi-Barve et al. 2003;
McClain et al. 2004) have demonstrated that inhibition of
proteasome function can lead to the induction of apoptosis
and sensitization of hepatocytes to TNF-o~induced apoptosis
and cytotoxicity. However, additional studies to elucidate the
role of proteasome dysfunction in ALD still are necessary.

HIV/HAART and Proteasome Dysfunction. Several reports
have indicated that one type of medications included in
HAART—the protease inhibitors (PIs)—can cause proteasome
dysfunction and changes in body composition and particularly
fat metabolism (i.e., lipodystrophy). Initial studies with the
PI ritonavir showed that it inhibited certain components of
proteasomal activity (Schmidtke et al. 1999). Subsequent
studies with other PIs (i.e., indinavir, nelfinavir, and saquinavir)
indicated that they also inhibited one or more components
of the proteasome activity (Piccinini et al. 2002). Importanly,
with nelfinavir and saquinavir, the inhibition of proteasomal
function was dependent on the concentration used, and the
effects were observed within the range of therapeutic doses.
One way through which proteasome inhibition by Pls
can contribute to liver damage involves a regulatory
molecule called sterol regulatory element—binding protein
(SREBP)-1. This protein, which helps regulate the activity
of certain genes in a cell's DNA, normally is degraded by
the proteasomes. If ritonavir impairs proteasome function,
SREBP-1 may accumulate in the cell nucleus, which in

turn may lead to excessive activity of the genes normally
regulated by this protein (Riddle et al. 2001). SREPB-1
accumulation may play a critical role in the fat deposition
associated with alcoholic and nonalcoholic fatty liver

(i.e., steatohepatitis) and could play a role in the abnormal
deposition of fat molecules in the liver (i.e., steatosis)
found in patients on certain forms of HAART. It is note-
worthy that elevated levels of SREBP-1 in HIV patients
receiving HAART were associated with liver steatosis and
injury (Lemoine et al. 2000).

Alcohol, HIVIHAART, and Mitochondrial Function

Mitochondria are small, membrane-enclosed structures that
often are referred to as the cell’s power plants because most
of the cell’s energy-carrying molecules are generated in these
organelles. This energy production occurs in a series of
chemical reactions collectively called an electron transport
chain or “respiratory chain” because some of the reactions
require the presence of oxygen. However, some of the electrons
passing through these reactions also interact with inappropriate
oxygen-containing molecules, resulting in the formation of
so-called reactive oxygen species (ROS) that can interact
with and damage many other molecules (e.g., proteins, lipids,
or DNA) in the cell. To prevent this ROS-induced damage,
the mitochondria contain several antioxidant defense mecha-
nisms, such as a molecule called reduced glutathione (GSH)
and certain enzymes that can break down ROS. A state in
which ROS levels are increased and antioxidant levels are
decreased is referred to as oxidative stress.

Alcohol and Mitochondrial Function. Excessive alcohol
consumption has a variety of effects on mitochondrial structure
and function, particularly in the liver where the vast majority
of ingested alcohol is metabolized. The most obvious of
these effects are structural changes in the organelle typified
by the appearance of megamitochondria in the livers of
patients with ALD (Inagaki et al. 1989). In addition, alcohol
further enhances ROS production in liver mitochondria
(which already are the major generators of ROS in a wide
spectrum of cells) by increasing the flow of chemical molecules
that can help transfer electrons into the respiratory chain
(Hoek et al. 2002). The effects of increased ROS production
are further exacerbated by alcohol-induced impairment of
mitochondrial antioxidant defenses. For example, in patients
with ALD, the levels of GSH are markedly decreased, as are
the activity levels of two enzymes that can inactivate ROS
(i.e., superoxide dismutase and glutathione peroxidase)
(Fernandez-Checa et al. 1993).

As a consequence of alcohol-related increases in ROS
levels and impaired antioxidant defenses, some of the
ROS likely react with mitochondrial proteins and mito-
chondrial DNA (mtDNA), leading to the formation
of abnormal or dysfunctional molecules called adducts.
The ROS and adducts, in turn, can affect the membrane
surrounding the mitochondria, allowing smaller molecules
to leak out of the mitochondria in a process called
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mitochondrial permeability transition (MPT), which can
lead to hepatocyte apoptosis (Ishii et al. 2003; Pastorino
et al. 1999).

Finally, studies investigating alcohol’s effects on the endirety
of all mitochondrial proteins (i.e., the mitochondrial
proteome) have demonstrated that a large number of
mitochondrial proteins undergo changes in abundance in
response to excessive alcohol exposure (Venkatraman et al.
2004). Together, these findings indicate that alcohol can
interfere with mitochondrial structure and function in the
liver in a variety of ways.

HIVIHAART and Mitochondrial Function. In patients
receiving HAART, mitochondrial toxicity is closely associated
with the use of one type of medications called nucleoside
reverse transcriptase inhibitors (NRTTs). In addition to inhibiting
the enzyme that helps the virus multiply its genome (i.e.,
reverse transcriptase), these agents also inhibit an enzyme
called mitochondrial DNA polymerase , which replicates
mitrochondrial DNA (mtDNA) (Lee et al. 2003). Moreover,
NTRIs are perhaps mistakenly incorporated into the mtDNA,
rendering the corresponding section nonfunctional. Normally,
mitochondrial DNA polymerase also can excise such mis-
incorporated pieces from the mtDNA and replace them with
correct ones. At present, it is not known what consequences
NRTI-dependent inhibition of DNA polymerase has on
the repair of mtDNA.

Different NRTTs differ in their ability to inhibit mito-
chondrial DNA polymerase as shown by reduced mtDNA
levels; moreover, the extent of the inhibition is closely
correlated with observed clinical pathologies (Lee et al.
2003). For example, the drugs didanosine (ddI), zalcitabine
(ddC), and stavudine (d4T) led to a loss of mtDNA in a
line of cultured liver cells (Venhoff et al. 2007). Similarly,
liver tissue samples of HIV/HCV-coinfected patients
treated with these drugs exhibited an average loss of 47
percent of mtDNA when compared with patients on other
NRTIs (Walker et al. 2004). Significantly, the patients with
hyperlactemia had the most severe depletions of mecDNA.

Inhibition of DNA polymerase by NRTTs causes a
reduction of mtDNA levels, potentially leading to a dys-
regulation and an imbalance between those components
of the respiratory chain that are encoded by the mtDNA
and those that are encoded by the DNA in the cell nucleus.
This dysregulation is thought to cause defective electron
transport and increase the oxidative stress in the mitochon-
dria. This stress further damages the metDNA, ultimately
leading to cumulative damage to the mitochondrial genome.

CONCLUSION

Since the introduction of HAART in the mid-1990s, the life
expectancy of patients with HIV has improved significantly.
In some HIV patients, however, an increase in morbidity
and mortality has been observed that can be attributed to
discontinuation of HAART because of hepatotoxicity. This

is especially true in patients who are coinfected with
HCV/HBYV or have other cofactors predisposing to liver
disease, such as alcohol abuse. Alcohol consumption is
prevalent in the HIV-infected population and is not only
associated with decreased HAART adherence and decreased
HIV suppression but also increased risk of HAART-induced
hepatotoxicity. Further, alcohol problems often are missed by
health care providers. Therefore, routine screening and
counseling of HIV patients regarding alcohol problems
should become a part of the standard of care to minimize
disease progression and hepatic toxicity.

To date, the mechanisms underlying HAART hepato-
toxicity in association with alcohol consumption or other
cofactors have received limited attention, but it is clear
that both alcohol and HAART can adversely affect the
same cellular targets (i.c., cytokines, proteasomes, and
mitochondria). For patients experiencing alcohol- or
HAART-induced liver disease, there currently is no accepted
therapeutic intervention except for abstinence and HAART
discontinuation. Thus, there certainly is a clinical need
for studies that will help define mechanisms of HAART
hepatotoxicity, especially in association with alcohol
consumption, and which evaluate potential therapeutic
interventions. For example, researchers need to examine
the combinatorial effects of PIs and alcohol on the
proteasome and its functionality, as well as the effects
of NRTIs and alcohol on the respiratory chain, the
various electron transport complexes, and the integrity
of mtDNA in hepatocytes. H

ACKNOWLEDGEMENTS

This work was supported by National Institutes of Health
grants AA-014371 (to S. Barve), AA—015970 (to C.J.
McClain), and the Office of Dietary Supplements, National
Institutes of Health.

FINANCIAL DISCLOSURE

The authors declare that they have no competing financial
interests.

REFERENCES

ANTON, R.F.; O'MALLEY, S.S.; CIRAULO, D.A; ET AL. Combined pharma-
cotherapies and behavioral interventions for alcohol dependence: The COM-
BINE study: A randomized controlled trial. JAMA: Journal of the American
Medical Association 295:2003-2017, 2006. PMID: 16670409

BARAONA, E.; LEO, M.A.; BOROWSKY, S.; AND LIEBER, C.S. Pathogenesis of
alcohol-induced accumulation of protein in the liver. Journal of Clinical

Investigation 60:546-554, 1977. PMID: 561118

BHATTACHARYA, R., AND SHUHART, M.C. Hepatitis C and alcohol: Interactions,
outcomes, and implications. Journal of Clinical Gastroenterology 36:242-252,
2003. PMID: 12590237

234

Alcohol Research & Health



SPECIAL SECTION: MODELING HIV AND ALCOHOLS EFFECTS

Bica, I; MCGOVERN, B.; DHAR, R.; ET AL. Increasing mortality due to end-
stage liver disease in patients with human immunodeficiency virus infection.

Clinical Infectious Diseases 32:492—497, 2001. PMID: 11170959

BN, E.J.; CURRIE, S.; ANAND, B.S.; ET AL. “Prevalence and Impact of Alcohol
Use Among Patients With HIV-HCV Coinfection: A Prospective National
Multicenter Study (abstract M1789).” Digestive Disease Week 2007,
Washington, DC, May 19-24, 2007.

BouUsQUET-DUBOUCH, M.P.; NGUEN, S.; BOUYSSIE, D.; ET AL. Chronic ethanol
feeding affects proteasome-interacting proteins. Proteomics 9:3609-3622, 2009.
PMID : 19609968

BRAU, N.; SALVATORE, M.; R10s-BEDOYA, C.F.; ET AL. Slower fibrosis progres-
sion in HIV/HCV-coinfected patients with successful HIV suppression using
antiretroviral therapy. Journal of Hepatology 44:47-55, 2006. PMID: 16182404

Centers for Disease Control and Prevention. HIV prevalence estimates: United
States, 2006. MMWR: Morbidity and Mortality Weekly Report 57:1073-1076,
2008. PMID: 18830210

CHAUDHRY, A.A.; SULKOWSKI, M.S.; CHANDER, G.; AND MOORE, R.D.
Hazardous drinking is associated with an elevated aspartate aminotransferase to
platelet ratio index in an urban HIV-infected clinical cohort. HIV Medicine
10:133-142, 2009. PMID: 19207596

D1 MARTINO, V.; RUFAT, P.; BOYER, N.; ET AL. The influence of human
immunodeficiency virus coinfection on chronic hepatitis C in injection drug
users: A long-term retrospective cohort study. Hepatology 34:1193-1199, 2001.
PMID: 11732009

DONOHUE, T.M., JR. The ubiquitin-proteasome system and its role in ethanol-
induced disorders. Addiction Biology 7:15-28, 2002. PMID: 11900619

FATACCIOLIL, V.; ANDRAUD, E.; GENTIL, M.; ET AL. Effects of chronic ethanol
administration on rat liver proteasome activities: Relationship with oxidative

stress. Hepatology 29:14-20, 1999. PMID: 9862843

Faucr, A.S. Host factors and the pathogenesis of HIV-induced disease. Nazure
384:529— 534, 1996. PMID: 8955267

FERNANDEZ-CHECA, J.C.; HIRANO, T; TSUKkAMOTO, H.; AND KarLOWITZ, N.
Mitochondrial glutathione depletion in alcoholic liver disease. Alcohol
10:469-75, 1993. PMID: 8123202

FRENCH, S.W.; MAYER, R.J.; BARDAG-GORCE, F.; ET AL. The ubiquitin-protea-
some 26S pathway in liver cell protein turnover: Effect of ethanol and drugs.
Alcoholism: Clinical Experimental Research 25(Suppl.):2255-229S, 2001.
PMID: 11391075

HOEK, J.B.; CAHILL, A.; AND PASTORINO, J.G. Alcohol and mitochondria: A
dysfunctional relationship. Gastroenterology 122:2049-2063, 2002. PMID:
12055609

INAGAKI, T.; KOIKE, M.; IKUTA, K.; ET AL. Ultrastructural identification and
clinical significance of light microscopic giant mitochondria in alcoholic liver

injuries. Gastroenterologia Japonica 24:46-53, 1989. PMID: 2707552

IsHi1, H.; ADACHI, M.; FERNANDEZ-CHECA, J.C.; ET AL. Role of apoptosis in
alcoholic liver injury. Alcoholism: Clinical and Experimental Research
27:1207-1212, 2003. PMID: 12878930

JOSHI-BARVE, S.; BARVE, S.S.; BUTT, W.; ET AL. Inhibition of proteasome func-
tion leads to NF-kappaB-independent IL-8 expression in human hepatocytes.
Hepatology 38:1178-1187, 2003. PMID: 14578856

KHORUTS, A.; STAHNKE, L.; McCLAIN, C.J.; ET AL. Circulating tumor necrosis
factor, interleukin-1 and interleukin-6 concentrations in chronic alcoholic

patients. Hepatology 13:267-276, 1991. PMID : 1995437

KONOPNICKI, D.; MOCROFT, A.; DE WIT, S.; ET AL. Hepatitis B and HIV:
Prevalence, AIDS progression, response to highly active antiretroviral therapy
and increased mortality in the EuroSIDA cohort. AIDS 19:593-601, 2005.
PMID: 15802978

LEE, H.; HANES, J.; AND JOHNSON, K.A. Toxicity of nucleoside analogues used
to treat AIDS and the selectivity of the mitochondrial DNA polymerase.
Biochemistry 42:14711-14719, 2003. PMID: 14674745

LEMOINE, M.; BARBU, V.; GIRARD, P.M.; ET AL. Altered hepatic expression of
SREBP-1 and PPARgamma is associated with liver injury in insulin-resistant
lipodystrophic HIV-infected patients. AZDS 20:387-395, 2006. PMID: 16439872

Lim, J.K; FuLtz, S.L.; GOULET, J.L.; ET AL. “Impact of Alcohol Abuse and
Dependence on Liver Fibrosis in a Prospective Cohort of 6090 HIV+/HIV-
U.S. Veterans (abstract W1050).” Digestive Disease Week 2008, San Diego,
CA, May 17-22, 2008.

McCrLaN, C.J., AND COHEN, D.A. Increased tumor necrosis factor production by
monocytes in alcoholic hepatitis. Heparology 9:349-351, 1989. PMID: 2920991

McClLAIN, C.J.; SONG, Z.; BARVE, S.S.; ET AL. Recent advances in alcoholic
liver disease: IV. Dysregulated cytokine metabolism in alcoholic liver disease.
American _Journal of Physiology. Gastrointestinal and Liver Physiology 287:G497—
G502, 2004. PMID: 15331349

MIGUEZ, M.].; SHOR-POSNER, G.; MORALES, G.; ET AL. HIV treatment in drug
abusers: Impact of alcohol use. Addiction Biology 8:33-37, 2003. PMID:
12745413

MOVYER, A.; FINNEY, J.W.; SWEARINGEN, C.E.; AND VERGUN, P. Brief interven-
tions for alcohol problems: A meta-analytic review of controlled investigations
in treatment-seeking and non-treatment-secking populations. Addiction 97:279—
292, 2002. PMID: 11964101

NAGAKI, M., AND MORIWAKI, H. Implication of cytokines: Roles of tumor
necrosis factor-alpha in liver injury. Hepatology Research 38(Suppl 1):5S19-S28,
2008. PMID: 19125946

NAGATA, K5 Suzuki, H.; AND SAKAGUCHL, S. Common pathogenic mecha-
nism in development progression of liver injury caused by non-alcoholic or
alcoholic steatohepatitis. Journal of Toxicological Sciences 32:453—468, 2007.
PMID: 18198478

NoVOA, A.M.; DE O1ALLA, P.G.; CLOS, R.; ET AL. Increase in the non-HIV-
related deaths among AIDS cases in the HAART era. Current HIV Research
6:77-81, 2008. PMID: 18288979

NUREZ, M. Hepatotoxicity of antiretrovirals: Incidence, mechanisms and manage-

ment. Journal of Hepatology 44(Suppl. 1):5132-S139, 2006. PMID: 16364487

ODEH, M. The role of tumour necrosis factor-alpha in acquired immunodefi-
clency syndrome. Journal of Internal Medicine 228:549-556, 1990. PMID:
2126279

OsNA, N.A., AND DONOHUE, T.M., Jr. Implication of altered proteasome
function in alcoholic liver injury. World Journal of Gastroenterology 13:4931—
4937, 2007. PMID: 17854134

PASTORINO, ].G.; MARCINEVICIUTE, A.; CAHILL, A.; AND HOEK, ].B. Potentiation
by chronic ethanol treatment of the mitochondrial permeability transition.
Biochemical and Biophysical Research Communications 265:405-409, 1999.
PMID: 10558880

PiCCININL M.; RINAUDO, M. T.; CHIAPELLO, N.; ET AL. The human 26S pro-
teasome is a target of antiretroviral agents. A/DS 16:693-700, 2002. PMID:
11964525

Por, S.; LAMORTHE, B.; THI, N.T.; ET AL. Retrospective analysis of the impact
of HIV infection and alcohol use on chronic hepatitis C in a larger cohort of

drug users. Journal of Hepatology 28:945-950, 1998. PMID: 9672168

PoL, G. Cytokines and the human immunodeficiency virus: From bench to
bedside. European Journal of Clinical Investigation 29:723-732, 1999. PMID:
10457158

PRAKASH, O.; MASON, A.; LUFTIG, R.B.; AND BAUTISTA, A.P. Hepatitis C virus
(HCV) and human immunodeficiency virus type 1 (HIV-1) infections in alco-
holics. Frontiers in Bioscience 7:€286—e300, 2002. PMID: 12086918

Vol. 33, No. 3, 2010

235



SPECIAL SECTION: MODELING HIV AND ALCOHOLS EFFECTS

RIDDLE, T.M.; KUHEL, D.G.; WOOLLETT, L.A; ET AL. HIV protease inhibitor
induces fatty acid and sterol biosynthesis in liver and adipose tissues due to the
accumulation of activated sterol regulatory element-binding proteins in the nucleus.

Journal of Biological Chemistry 276:37514-37519, 2001. PMID: 11546771

R1zzARDI, G.P.; BARCELLINI, W.; TAMBUSSI, G.; ET AL. Plasma levels of soluble
CD30, tumour necrosis factor (INF)-alpha and TNF receptors during primary
HIV-1 infection. Correlation with HIV-1 RNA and the clinical outcome.
AIDS 10:F45-F50, 1996. PMID: 8931778

ROSENTHAL, E.; SALMON-CERON, D.; LEWDEN, C.; ET AL. Liver-related deaths
in HIV-infected patients between 1995 and 2005 in the French GERMIVIC
Joint Study Group Network (Mortavic 2005 Study in collaboration with the
Mortalité 2005 survey, ANRS EN19). HIV Medicine 10:282-289, 2009.
PMID: 19226410

SCHMIDTKE, G.; HOLZHUTTER, H.G.; BOGYO, M.; ET AL. How an inhibitor of
the HIV-I protease modulates proteasome activity. Journal of Biological
Chemistry 274: 35734-35740, 1999. PMID: 10585454

SULKOWSKI, M.S.; THOMAS, D.L.; CHAISSON, R.E.; AND MOORE, R.D.
Hepatotoxicity associated with antiretroviral therapy in adults infected with
human immunodeficiency virus and the role of hepatitis C or B virus infection.
JAMA: Journal of the American Medical Association 283:74-80, 2000. PMID:
10632283

TAKAGI, M.; YAMAUCHI, M.; TODA, G.; ET AL. Serum ubiquitin levels in
patients with alcoholic liver disease. Alcoholism: Clinical and Experimental

Research 23(4 Suppl):765-80S, 1999. PMID: 10235284

THoMAS, D.L.; ASTEMBORSK], J.; RAI, RM.; ET AL. The natural history of hep-
atitis C virus infection: Host, viral, and environmental factors. JAMA: Journal

of the American Medical Association 284:450—-456, 2000. PMID: 10904508

VENHOFF, N.; SETZER, B.; MELKAOUI, K.; AND WALKER, U.A. Mitochondrial
toxicity of tenofovir, emtricitabine and abacavir alone and in combination with
additional nucleoside reverse transcriptase inhibitors. Antiviral Therapy

12:1075-1085, 2007. PMID: 18018766

VENKATRAMAN, A.; LANDAR, A.; DAVIs, A.].; ET AL. Modification of the mito-
chondrial proteome in response to the stress of ethanol-dependent hepatotoxic-
ity. Journal of Biological Chemistry 279:22092-22101, 2004. PMID: 15033988

WALKER, U.A.; BAUERLE, J.; LAGUNO, M.; ET AL. Depletion of mitochondrial
DNA in liver under antiretroviral therapy with didanosine, stavudine, or zal-

citabine. Hepatology 39:311-317, 2004. PMID: 14767983

WEBER, R.; SABIN, C.A.; FRIIS-MOLLER, N.; ET AL. Liver-related deaths in
persons infected with the human immunodeficiency virus: The D:A:D study.
Archives of Internal Medicine 166: 1632-1641, 2006. PMID: 16908797

Wi, F.W.; WEVERLING, G.J.; WEEL, J.; ET AL. Incidence of and risk factors for
severe hepatotoxicity associated with antiretroviral combination therapy.
Journal of Infectious Diseases 186:23-31, 2002. PMID: 12089658

236

Alcohol Research & Health



